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Abstract
The swept contrast visual evoked potential technique is a quasi-psychophysical method that can help bridge the gap between cell
biology and visual performance in studies of ocular dominance plasticity. In mice we found that four days of monocular deprivation
diminished the amplitude of evoked potentials from the deprived eye relative to the non-deprived eye. This ocular dominance plas-
ticity was nearly as great in adult mice as in juveniles. The monocular deprivation eﬀect was mediated, at least in part, by enhance-
ment of responses evoked from the non-deprived eye, rather than by depression of responses from the deprived eye.
 2004 Elsevier Ltd. All rights reserved.
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In the study of ocular dominance plasticity, it is
important to relate the extensive literature in animal
physiology to the phenomena of human vision. It is also
important to develop the mouse model for studying the
biochemical and genomic aspects of plasticity. We have
attempted to advance both these objectives by using the
technique of sweep evoked potentials as a method for
assessing ocular dominance plasticity in mice. The sweep
evoked potential technique is widely used to test con-
trast sensitivity and visual acuity in humans, both in-
fants and adults (Norcia, Tyler, & Allen, 1986; Tyler,
Apkarian, Levi, & Nakayama, 1979). Evoked potentials
are readily recorded in animals. It therefore appeared to
us that the sweep evoked potential technique might0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.09.018
* Corresponding author. Tel.: +1 541 346 4580; fax: +1 541 346
4548.
E-mail address: marvgl@uoneuro.uoregon.edu (M.E. Lickey).serve as a bridge between the cell biology and the visual
phenomenology of ocular dominance plasticity.
In this paper we ﬁrst describe the swept contrast pat-
tern evoked potential in the normal adult mouse. We
then describe the eﬀects of monocular deprivation in
adult and juvenile mice. We expected to ﬁnd that
monocular deprivation during a juvenile critical period
would weaken the evoked responses of the deprived
eye relative to the non-deprived eye and that a critical
period would occur between the ages of 22 and 32days
after birth (Gordon & Stryker, 1996). We found that
swept contrast VEPs could be easily recorded in mice,
and that they are qualitatively similar to swept contrast
VEPs recorded in humans. We also found an eﬀect of
monocular deprivation on ocular dominance. Our
expectations about the critical period, however, were
not fully conﬁrmed. An abstract based on some of these
data has been published (Lickey & Gordon, 2002), and a
partial report is included in a manuscript that has been
submitted for publication elsewhere (Pham et al., in
press).
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Mice of the C57bl/6 strain were purchased from
Simonsen (Gilroy, CA) and kept in the vivarium at the
University of Oregon under LD 12:12 with food and
water ad libitum. All procedures were cleared by the
University of Oregon IACUC.
Eyelid suture was performed under isoﬂurane anes-
thesia without lid trim using 6-0 silk.
Physiological maintenance during recording consisted
of urethane anesthesia (1.5g/kg), dexamethasone (1.25
mg/kg/h) to prevent cerebral edema, spontaneous respira-
tion of air enriched with warmed moistened oxygen, and
subcutaneous infusion of saline (0.17ml/h) to prevent
dehydration. Rectal temperature was maintained within
the range of 37–37.5 by placing the mouse a water circu-
lating warming block. The electrocardiogram was moni-
tored continuously. After positioning the animal in a
stereotaxic instrument, craniotomies were made over
the primary visual cortex of both hemispheres. Pipette
electrodes, containing 0.5% pontamine blue in 0.9% sal-
ine were positioned 3.5mm posterior to bregma, 3mm
lateral from the midline and 550lm vertically below the
dura (or about 400lm deep relative to the plane tangen-
tial to the cortical surface). The recording site was
marked by electrophoresis of pontamine blue at the end
of the experiment and located histologically using a
mouse brain atlas, (Franklin & Paxinos, 1997). The de-
prived eye was opened just prior to recording, and the
cortex was brieﬂymapped to determine that the recording
site represented the central 40deg (or binocular portion)
of the visual ﬁeld.
The Stimulus was a horizontal reversal grating that
covered +45 to 45deg of the visual ﬁeld horizontally
and about 15 to +45deg vertically. The grating had
a spatial frequency of 0.04cycles/deg and average lumi-
nance of 24cd/m2. The reversal frequency was chosen to
be near 3Hz (about 6 reversals/s), but the exact value
was 3.09Hz as required by the by the refresh rate of1 mV
1 sec
Fig. 1. Stimulus evoked waves in EEG. Left eye. Stimulus is a counterphase
are obvious, individual responses to the phase transition are indicated by smthe computer monitor used to present the grating. Dur-
ing a single stimulus trial lasting about 10s, the grating
contrast swept through 10 contrast values from 1% to
90% in nine logarithmically increasing steps. Power
Diva software, a gift from Anthony Norcia (Smith Ket-
tlewell Eye Research Institute, San Franscisco), was
used to control the stimulus and acquire the data. Sim-
ilar software is used by Norcia and others to measure
contrast and spatial frequency thresholds in humans
(Allen, Norcia, & Tyler, 1986).3. Results
The response is a potential wave in the electrocortico-
gram (EEG) that has the same frequency as the stimu-
lus. The wave, of course, is embedded in a background
of EEG activity that is unrelated to the stimulus. De-
spite the background activity, one can easily see the
stimulus evoked waves in the EEG when the grating
contrast is above about 50% (Fig. 1).
The waveform of the response is revealed by averag-
ing the EEG with respect to stimulus phase. The re-
sponse consists of a small initial positive deﬂection
followed by a much larger negative going portion
reaching a peak at 70–80ms after the stimulus phase
transition (Fig. 2A). There is often a second negative
bump that is followed by complex late negative and
positive components. The response is considerably
larger in the hemisphere contralateral to the stimula-
ted eye (the crossed response) than ipsilateral to the
stimulated eye (the uncrossed response). When driven
by reversal gratings at about 3Hz, there are about 6
responses/s, one response for each stimulus phase
reversal. At this frequency, the late components of the
evoked potential may be less visible and the peak to
peak amplitude may be smaller than at lower temporal
frequencies (Pizzorusso, Fagiolini, Porciatti, & Maﬀei,
1997).grating, 80% contrast, 0.04cycles/deg, 3.1Hz. In a few cases where they
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Fig. 2. An average evoked wave and its spectral representation. Left eye. Stimulus frequency = 3.1Hz. 360 stimulus cycles in 20 blocks of 18cycles.
Sampling rate = 742Hz. Bar under upper graphs indicates stimulus phase. Labels on abscissa indicate the even harmonics of the stimulus frequency.
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Fig. 3. Amplitude of signal and noise in response contrast sweep. Left
eye. Stimulus: contrast sweep, 1–90% contrast, 0.04cycles/deg, reversal
frequency 3.09Hz; Sweep lasts about 10s. Signal: the sum of the ﬁrst
three even harmonics of the stimulus frequency present in the EEG. In
this case the signal components are at the frequencies of 6.2, 12.4 and
18.5Hz. Noise: the sum of EEG frequency components neighboring
the signal components, but not synchronized with the stimulus. In this
case the noise components are at the frequencies of 5.7, 6.7, 11.9, 12.9,
M.E. Lickey et al. / Vision Research 44 (2004) 3381–3387 3383The evoked waves can be represented by their power
spectrum, as shown in Fig. 2B. The strongest spectral
component is at about 6Hz, which is the second har-
monic of the stimulus frequency. Other strong compo-
nents that synchronize with the stimulus occur at
higher even harmonics. Frequency components that
are not harmonics of the stimulus frequency, e.g. 5Hz
or 7Hz, represent ‘‘noise’’, i.e. EEG activity that is unre-
lated to the stimulus. We deﬁned the amplitude of the
evoked response as the sum of the ﬁrst three even har-
monics. Noise amplitude was deﬁned as the sum of
neighboring noise components just above and just below
each even harmonic. Noise was not subtracted from
VEP amplitude. The signal and noise components were
calculated using the recurrent least squares algorithm
(Tang & Norcia, 1995).18.1 and 19.1Hz. Average of 30 sweeps, 90 stimulus cycles per plotted
point.3.1. Normal mice
Fig. 3 depicts signal and noise obtained from a single
mouse when the stimulus was presented to the left eye.
At 1% contrast there was no diﬀerence between the sig-
nal and the noise, but as contrast increased, the signal
increased but the noise did not. If a preparation failed
to yield a signal that was diﬀerentiated from noise, the
data were discarded. The signal and noise functions in
Fig. 3 are very similar to those obtained from human
subjects using the same method (cf. Fig. 8 of Tang &
Norcia, 1995).
Each mouse generated four contrast response curves
(Fig. 4). In the left hemisphere there was a curve for
the uncrossed responses from the left eye, and anothercurve for crossed responses from the right eye. Similarly
in the right cortex, there were crossed and uncrossed
contrast response curves. The eyes were stimulated in
left/right alternating order, for a total of 30 trials (con-
trast sweeps) for each eye.
To construct group contrast response curves, individ-
ual curves were normalized by dividing each value by
the mean of all responses from the hemisphere. This nor-
malization eliminates variations of amplitude that are
due to electrode position and other poorly controlled
factors that are particular to individual preparations,
but it preserves information about the relative size of re-
sponses to crossed and uncrossed visual inputs.
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Fig. 4. The four contrast response curves from a single normal mouse.
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Fig. 5. Relative amplitude of VEP as function of stimulus contrast. Top: In each hemisphere, there is a crossed and an uncrossed contrast response
curve. Left cortex: n = 13 mice. Right cortex: n = 14 mice. Bottom: For ease of comparison, the data of from the top is rearranged so that the two
crossed contrast response curves are superimposed (left) and the two uncrossed contrast response curves are superimposed (right). Amplitude
normalized to hemisphere mean. Mean and SEM. For many of the points the SEM does not extend beyond the plotting symbol.
3384 M.E. Lickey et al. / Vision Research 44 (2004) 3381–3387The normalized contrast response curves are shown
for a group of normal mice in the top half of Fig. 5.
Above a threshold near 5% contrast, the amplitude of
the VEP rises steadily as a function of contrast. Under
our conditions, 90% contrast was not suﬃcient to pro-
duce amplitude saturation of the response. The contrast
threshold is, of course, dependent on the spatial fre-
quency of the grating. With spatial frequencies near
the behaviorally determined visual threshold of 0.5cy-
cles/deg (Prusky, West, & Douglas, 2000), contrasts in
excess of 20% are required to evoke a VEP response
(data not shown).
As expected, the amplitude of the crossed contrast re-
sponse curves is greater than the amplitude of the un-
crossed curves, and this property has high reliability.
To emphasize this reliability, the results in the top half
of Fig. 5 have been rearranged in the bottom so that
the crossed responses of the two hemispheres are super-
imposed and the uncrossed responses are superimposed.
The two hemispheres almost exactly duplicate each
other. This analysis provides an excellent basis forassessing interventions that might cause one hemisphere
to be diﬀerent from the other.
3.2. Monocular deprivation
We deprived the right eye for 4days (5days in a few
cases) and measured the contrast response curve 1–3h
after the deprived eye was opened. In juvenile mice, aged
P28–P35 on the day of recording, monocular depriva-
tion diminished the response of the deprived eye relative
to the non-deprived eye in both the crossed and the un-
crossed pathways. This was to be expected from the vast
single unit literature.
We went on to test older mice, expecting that monoc-
ular deprivation would fail to have an eﬀect. We were
surprised, however, to ﬁnd that in post-pubertal young
adults and in fully mature mice, monocular deprivation
produced a change in ocular dominance that was nearly
as great as that produced in juveniles (Fig. 6). In all three
age groups and in both the crossed and uncrossed path-
ways, the contrast response curves of the non-deprived
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Fig. 6. Eﬀect of MD on ocular dominance in juvenile, young adult,
and mature mice. Right eye deprived for 4days. Juvenile: P27–P35 on
day of recording, 10 right hemispheres, 11 left hemispheres. Young
adult: P37–P87; 14 right and 14 left hemispheres. Mature: P91–415; 19
right and 19 left hemispheres.
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Fig. 7. Non-normalized mean amplitudes of contrast response curves
in normal and monocularly deprived mice. All ages pooled. *:
diﬀerence between deprived and non-deprived is signiﬁcant, p < 0.01.
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curves of the deprived eyes. The monocular deprivation
eﬀect, however, did seem somewhat smaller in adults
than in juveniles.
We wanted a statistical veriﬁcation of the monocular
deprivation eﬀect in adults. High contrast stimuli pro-
vide the most sensitive test for detecting the presence
or absence of a monocular deprivation eﬀect; high con-
trast stimuli produced the greatest diﬀerences between
deprived juveniles and non-deprived animals. Therefore,
we used high contrast stimuli to detect a monocular dep-
rivation eﬀect in mature animals.
We also wanted veriﬁcation of our impression that
the monocular deprivation eﬀect was greater in juveniles
than in mature animals. We expected that lower con-
trasts, producing smaller responses, would be most eﬀec-
tive for this purpose because only a very robust
monocular deprivation eﬀect would be detected.
With this rationale we performed an analysis of var-
iance on data from Fig. 6. The results from each animal
were represented as a monocular deprivation eﬀect index
(MDI) deﬁned as 1  (R/L), where R is the relative
amplitude of the right (deprived) eye and L is the rela-
tive amplitude of the non-deprived eye. MDI = 0 when
the deprived and non-deprived eyes evoke equal
responses. The index approaches 1 as the responses
of the deprived eye become small relative to the non-deprived eye. The index was calculated twice, once for
the mean of responses to 55% and 90% contrast (the
two highest values in the contrast sweep) and again
for the mean of responses to 20% and 33% contrast
(the 7th and 8th bins of the contrast sweep). The crossed
and uncrossed MDIs were pooled, because there was no
consistent diﬀerence between them. The MDIs were then
analyzed by ANOVA, group · contrast · animal within
groups. The groups used were juvenile animals, mature
adults, and non-deprived animals. The eﬀect of group
was highly signiﬁcant (p < 0.0001, one tailed) indicating
that there is a monocular deprivation-eﬀect that was
greater in some groups than others. Using the Bon-
feronni correction, we made two post hoc comparisons.
The ﬁrst showed that, at high contrast, the MDI of ma-
ture animals was signiﬁcantly larger than the MDI of
the non-derived animals (p = 0.002, 1 tailed). The sec-
ond showed that, at contrasts nearer threshold the
MDI of mature animals was signiﬁcantly smaller than
the MDI of juveniles (p = 0.002, 1 tailed). This analysis
conﬁrms the conclusions that monocular deprivation of
4days produces an eﬀect in mature adults, and that the
eﬀect in juveniles is larger than in adults.
Because of normalization, the analysis of Figs. 5 and
6 shows eﬀects of monocular deprivation on the relative
amplitude of the crossed and uncrossed responses, but
does not indicate whether the responses of the deprived
eye were diminished, those of the non-deprived eye were
enhanced, or both. To obtain some information on this
point, we reanalyzed our data, dropping the normaliza-
tion and expressing the contrast response curves in
terms of absolute amplitude. This procedure, of course,
increased the noisiness of the results and reduced the
likelihood of seeing small changes. Nevertheless, we ob-
served a signiﬁcant eﬀect.
Monocular deprivation increased VEP amplitude in
the crossed pathway of the non-deprived eye (Fig. 7).
There was also a trend toward enhancement in the un-
crossed pathway of the non-deprived eye, but this
3386 M.E. Lickey et al. / Vision Research 44 (2004) 3381–3387enhancement was not statistically signiﬁcant. There was
no signiﬁcant response suppression in the deprived path-
ways. Also, we saw no evidence that monocular depriva-
tion caused diﬀerent eﬀects in diﬀerent age groups, and
for this reason all ages were pooled in Fig. 7.4. Discussion
In summary, we have demonstrated the use of swept
contrast visual evoked potentials in mice, showing that
(1) the contrast response curves obtained from mice
are generally similar to those obtained from humans;
(2) visual responses are reliably evoked at stimulus con-
trasts as low as 5%; (3) the relative size of the crossed
and uncrossed responses is highly reproducible and
can be used as a baseline for testing interventions that
might cause left–right asymmetries in excitability; (4)
monocular deprivation of 4days causes an asymmetric
change of ocular dominance by enhancing responses to
the non-deprived eye relative to the deprived eye; (5) this
experience dependent plasticity is at least partially due
to an amplitude enhancement of responses to the non-
deprived eye, as distinct from an amplitude depression
of responses to the deprived eye; (6) contrary to expec-
tation, the monocular deprivation eﬀect is nearly as
great in adults as in juveniles. Using swept contrast
VEPs, we have previously observed post-pubertal ocular
dominance plasticity in rats (Guire, Lickey, & Gordon,
1999).
Porciatti, Pizzorusso, and Maﬀei (1999) have studied
evoked potentials in response to ﬁxed contrast gratings
in mice. Our study agrees with theirs in that the contrast
threshold for coarse gratings (0.04–0.06cycles/deg) is
about 5%. We are also in agreement that the spatial fre-
quency threshold using high contrast gratings (contrast
>20%) is about 0.5cycles/deg. A spatial frequency
threshold of about 0.5cycles/deg has also obtained in
mice using behavioral methods (Prusky et al., 2000).
Evoked potential measures may be good indicators of
functional vision in mice, as they are in humans (Tyler
et al., 1979). Complete contrast sensitivity functions
for mice have not yet been published.
Fixed contrast evoked potentials have been used by
Sawtell et al. to study ocular dominance plasticity in
the primary visual cortex of mice (Sawtell et al., 2003).
Their results are in broad agreement with ours. They ob-
served that monocular deprivation of 5days enhances
the responses of the non-deprived eye relative to the de-
prived eye in both juvenile (P23–P39) and young adult
(P43–P90) mice. In young adults they also found that
the eﬀect on ocular dominance reﬂected an enhancement
of responses to the non-deprived eye and not a reduction
in responses to the deprived eye.
There are two minor points of disagreement between
our results and those of Sawtell et al. They observedenhancement of responses in the uncrossed pathway of
the non-deprived eye while we observed enhancement
in the crossed pathway of the non-deprived eye. Sec-
ondly, Sawtell et al. found that short term monocular
deprivation of 3days in juvenile (not adult) animals
could depress the VEP amplitude in the crossed pathway
of the deprived eye (Fig. 4B of Sawtell et al.). We did not
detect statistically signiﬁcant depression of VEP ampli-
tude. The two studies have procedural diﬀerences that
could easily account for these relatively minor disagree-
ments. These include diﬀerences in the duration of lid
closure, anesthetic state, stimulus frequency, cortical
depth of the recording and deﬁnition of VEP amplitude.
Further, many of the results reported by Sawtell et al.
were derived from chronic preparations in which each
animal yielded VEP data both before and after monoc-
ular deprivation. This is a more sensitive design for
detecting amplitude changes than our between groups
design. The important points on which the two studies
agree are that monocular deprivation causes a change
in ocular dominance in adults and that this eﬀect can
be mediated by enhancement of response amplitude.
These results pose an interesting contrast with the sin-
gle unit literature where the consistent ﬁnding is that
post-pubertal animals do not have a monocular depriva-
tion eﬀect. Further, the most commonly reported eﬀect
of monocular deprivation on unit ﬁring is a reduction
in responsiveness to inputs from the deprived eye.
Explanation is needed for why VEPs remain plastic in
maturity, and why monocular deprivation in adults en-
hances responses to the non-deprived eye.
Single unit studies and evoked potential studies meas-
ure diﬀerent aspects of cortical activity. Neither method
can claim to measure all of the activity that is important
for visual function. Among the ways that the VEP data
diﬀer from unit data are (1) VEPs report on the summed
activity of a sample of neurons near the electrode while
single units experiments report on the activity of individ-
ual neurons; (2) VEPs in the visual cortex report on
excitatory post-synaptic currents, combining both sub-
threshold and supra-threshold components (Mitzdorf,
1985), while single units indicate when the membrane
potential rises above threshold; (3) VEP amplitudes de-
pend on the temporal synchronization among the neu-
rons while single unit data yield no information on
synchronization (Mitzdorf, 1985); (4) we have evidence,
described elsewhere (Pham et al., in press), that the
expression of the adult monocular deprivation eﬀect
can be blocked by particular anesthetic conditions. Most
single unit studies in mice have used barbiturates while
we used urethane. Sawtell et al. used both urethane
and unanesthetized animals. These diﬀerences leave con-
siderable room for discrepancies between results from
single unit studies and VEP studies.
Another important issue is how, or whether, plasticity
of visual evoked potentials is related to plasticity of vis-
M.E. Lickey et al. / Vision Research 44 (2004) 3381–3387 3387ual performance. In cats Murphy and Mitchell (Murphy
&Mitchell, 1987) found that plasticity of visual acuity in
response to reverse occlusion could not be explained by
parallel changes of ocular dominance of single units. In
adult humans we do not, of course, have information
about single units, but there is evidence for visual plastic-
ity. Monocular deprivation causes plasticity of visual
evoked potentials in adult humans (Sloper & Collins,
1995; Tyler et al., 1979). There is change of visual acuity
in adult amblyopes in response to loss of vision in the
non-amblyopic eye and in response to visual practice
(El Mallah, Chakravarthy, & Hart, 2000; Levi & Polat,
1996). In some patients with adult onset cataract there
are long lasting disturbances of binocular fusion that
are expressed upon removal of the cataract (Pratt-John-
son & Tillson, 1989; Sloper & Collins, 1995). Recently it
has been shown that human adults dynamically compen-
sate for long term alterations of photic input to the mid-
dle wavelength and long wavelength color channels
(Neitz, Carroll, Yamauchi, Neitz, & Williams, 2002).
This mechanism is apparently essential in calibrating col-
or vision in the face of large individual diﬀerences in the
ratio of L–M cones in the retina. Whether adult plasticity
of VEPs is related to any of these plasticities of perform-
ance remains to be seen.Acknowledgments
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